Damage to the skin extracellular matrix (ECM) is the hallmark of long-term exposure to solar UV radiation. The aim of our study was to investigate the changes induced in unexposed human skin in vivo after single or repeated (five times a week for 6 weeks) exposure to 1 minimal erythemal dose (MED) of UV solar-simulated radiation. Morphological and biochemical analyses were used to evaluate the structural ECM components and the balance between the degrading enzymes and their physiologic inhibitors. A three-fold increase in matrix metalloproteinase 2 messenger RNA (mRNA) (P < 0.02, unexposed versus exposed) was observed after both single and repeated exposures. Fibrillin 1 mRNA level was increased by chronic exposure (P < 0.02) and unaltered by a single MED. On the contrary, a single MED significantly enhanced mRNA levels of interleukin-1a (IL-1a), IL-1b (P < 0.02) and plasminogen activator inhibitor-1 (P < 0.05). Immunohistochemistry demonstrated a significant decrease in Type-I procollagen localized just below the dermal-epidermal junction in both types of exposed sites. At the same location, the immunodetected tenascin was significantly enhanced, whereas a slight increase in Type-III procollagen deposits was also observed in chronically exposed areas. Although we were unable to observe any change in elastic fibers in chronically exposed buttock skin, a significant increase in lysozyme and alpha-1 antitrypsin deposits on these fibers was observed. These results demonstrate the existence of a differential regulation, after chronic exposure compared with an acute one, of some ECM components and inflammatory mediators.
INTRODUCTION
Aging of the skin encompasses two clinically and biologically independent processes that occur simultaneously. Chronological or intrinsic aging affects skin by slow and irreversible tissue changes, whereas extrinsic aging or photoaging that results from exposure to environmental factors including primarily ultraviolet radiations (UVR) leads to major visible alterations. In areas exposed to sun, skin damages called photoaging are superimposed on tissue defects resulting from chronological aging. Photoaging induces marked cutaneous alterations clinically characterized by wrinkles, roughness, sallowness, mottled dyspigmentation, telangectasia and a variety of benign or malignant neoplasms (1) . The two types of aging processes evolve slowly over several decades probably as a result of cumulative minute changes. The ultimate stage of the processes is mainly found in the dermal connective tissue, as observed by histological and ultrastructural investigations (2, 3) . This is characterized by rarefaction and disorganization of collagen fibers framework and deposits of elastotic material. It is now recognized that both UV-A and UV-B range of wavelengths and daily cumulative exposure to solar UVR contribute to chronic photodamage of human skin (4) .
The extracellular matrix (ECM) in the dermis is composed primarily of Type-I collagen, associated with a lower amount of Type-III collagen, elastin and associated microfibrils, proteoglycans and fibronectin. Sun-exposed sites usually display a loss of mature Type-I collagen fibers and an increased collagen IIIcollagen I ratio. A significant correlation was found between the reduced level of Type-I collagen and the severity of photodamage in human skin (5) . The histopathological hallmark of photoaging is a massive accumulation of elastotic material in the upper and mid dermis (6) . This process, known as solar elastosis, has been ascribed to changes in elastin network, the principal component of elastic fibers. Alterations in the microfibrillar components of the elastic fibers, in particular fibrillin 1, have also been reported (7) . The accumulation of elastotic material is accompanied by degeneration of the surrounding collagen meshwork (5). Matrixdegrading metalloproteinases (MMP), a family of proteolytic enzymes that collegially degrade all matrix proteins forming the dermal connective tissue, are critical for matrix remodeling during development and wound healing (8) . The activity of MMP is tightly controlled by several transcriptional and posttranscriptional mechanisms regulating their expression and activation. Their proteolytic activity is also modulated by the presence of specific inhibitors, the tissue inhibitor of matrix metalloproteinase (TIMP) (9) . MMP are also involved in many pathological conditions, such as tumoral progression and metastasis, rheumatoid arthritis, aortic aneurysms and plaque instability in vascular occlusive diseases. They are obviously implicated in UV-induced photodamage in vivo (10, 11) . Their modulation by UV light has been extensively investigated in skin cells in vitro (10).
Our study was designed to evaluate on a comparative basis the regulation of the main ECM macromolecules and their degrading enzymes, activators and inhibitors, as well as inflammatory and angiogenic mediators in human skin in vivo, at one time point after exposure to environmental doses of UV solar-simulated radiation (SSR). The main goal was to investigate differences in expression of these proteins by measuring their messenger RNA (mRNA) levels using a quantitative reverse transcription-polymerase chain reaction (RT-PCR) procedure after single (acute SSR) or repeated (chronic SSR) exposure to 1 minimal erythemal dose (MED) of the previously unexposed skin of young volunteers. These measurements were completed by immunomorphological analyses.
MATERIALS AND METHODS
Study population. Six healthy Caucasian volunteers (three males and three females) were enrolled in the study after signing an informed consent that was approved by a medical ethics committee. The characteristics of the volunteers are detailed in Table 1 . They were 21-35 years old with skin Types II or III. The untanned upper buttock region was used as the site for exposure.
UV source and dosimetry. UV SSR source was an OrielÒ 1000 W xenon arc solar simulator equipped with a SchottÒ WG 320/2 mm filter and two-step plate dichroic mirrors to deliver a UV solar-simulating spectrum. A 2 mm thick filter was chosen because it cuts off more UV-B radiations than usual WG320 filters used to simulate zenithal UV sun spectrum. The spectral power distribution at the skin level (40 cm far from the lamp) was measured with a calibrated spectroradiometer (Macam 3010, Livingston, Scotland) (Fig. 1) . The daily output was monitored with a Centra Osram (München, Germany) UV meter equipped with UV-A and UV-B sensors.
Exposure regimen. Three areas (3 3 3 cm) were randomized and delineated with a template on the buttock of each volunteer. One area received no exposure (recorded as control). The second one (recorded as acute SSR) was exposed once to 1 MED of SSR and served as positive control. The third zone (recorded as chronic SSR) was exposed for 5 daysÁweek À1 for 6 weeks to 1 MED of SSR per exposure. Individual MED determined before exposure or suntanning on each volunteer averaged 0.86 JÁcm À2 UV-B and 11 JÁcm À2 UV-A (UV-A/UV-B 5 13) (spectroradiometrically measured).
Clinical aspect and skin pigmentation assessments. Erythema and pigmentation were evaluated visually and graded each week between Day 1 and Day 43 using a 12-point grading scale. Skin pigmentation was also assessed using a CR200 chromameter (Minolta, Osaka, Japan) with an illuminating C system as described previously (12) . The output was given in terms of L*, a* and b* chromaticity coordinates (means of quadruplicate measurements), and individual typological angles (ITA8 5 arc tangent (L* À 50)/b*) were calculated. ITA8 characterize the current degree of skin melanization (basic or acquired). Ranges of ITA8 values allows defining skin color categories (''very light'' with ITA8 values .558 to ''black'' with ITA8 , À108).
Quantitative RT-PCR. Total RNA was extracted and purified by ultracentrifugation on a cesium chloride cushion (13) from snap frozen biopsy samples collected from six volunteers as described previously (14) . Specific mRNA and 28S ribosomal RNA (rRNA) were measured by quantitative noncompetitive RT-PCR. Pairs of RT-PCR primers were selected as described previously (14) (15) (16) . For each investigated mRNA, a synthetic RNA (sRNA) was generated, according to previously published procedures (15, 17) , to monitor in each reaction tube the efficiency of both reverse transcription and amplification reactions (PCR). RT-PCR was performed using an automated system (GeneAmp PCR System 9600, Perkin Elmer) with the GeneAmp Thermostable rTth Reverse Transcriptase RNA PCR kit (Perkin Elmer, Boston, MA), specific pairs of primers (5 pmol each), 5 ng of total cellular RNA and a known copy number of sRNA per 25 lL reaction mixture. The RT and PCR conditions were as described previously (15, 17) . The RT-PCR products were resolved on 10% polyacrylamide gels and quantified (Fluor-S-MultiImager, BioRad, Hercules, CA) after staining (GelStar dye, FMC BioProducts, Philadelphia, PA). For each mRNA of interest, the 18 samples were analyzed in triplicate in the same run. The signals for the endogenous RNA were normalized by the value of the sRNA and expressed per unit of 28S rRNA. This quantitative assay allows a comparative analysis of samples, displaying an extended range in expression level. The accuracy, linearity of response and reliability of this procedure have been reported previously (14, 15) .
Histology and immunohistochemistry. Biopsies were performed under local anesthesia 24 h after the single exposure (positive control) and 72 h after the last repeated exposure for timing convenience. For histological studies, skin samples were fixed in 10% buffered formalin, embedded in paraffin and processed for light microscopy. Hematoxylin-phloxin-saffron was used for overall morphological evaluation by a pathologist. Sections were also stained with Luna's aldehyde fuchsin as well as with orcein for observation and quantification of elastic fibers.
For indirect immunofluorescence analysis, cryostat sections were air dried, rinsed in phosphate-buffered saline (PBS), pH 7.2 (Biomerieux Laboratories, Marcy l'étoile France), and immunolabeled at room temperature with antisera diluted in PBS as follows: 1:50 for guinea pig antiserum against human elastin (IPL, Lyons, France), 1:200 for rat antihuman procollagen I amino-terminal monoclonal antibody (Chemicon, Temecula, CA), 1:2000 for rabbit anti-bovine procollagen III aminoterminal polyclonal antibody (18) and 1:10 for rabbit antiserum against human tenascin (Life Technologies, Cergy Pontoise, France). Rabbit antisera against human alpha-1 antitrypsin (Immunon, Pittsburgh, PA) or human lysozyme (Zymed, San Francisco, CA) were used undiluted. Cryostat sections (5 lm) were incubated with each specific antibody for 60 min at room temperature or overnight at 48C, washed with PBS, incubated with fluorescein isothiocyanate-conjugated goat anti-guinea pig or swine anti-rabbit IgG or rhodamine (tetramethyl rhodamine isothiocyanate)-conjugated swine anti-rabbit IgG from Dako (Glostrup, Denmark) (dilution 1:50 or 1:100) for 60 min, washed again with PBS, incubated with propidium iodide 1:10 for nucleus staining, washed with PBS and mounted. In negative controls the primary antibody was omitted or nonimmune IgG was used in replacement. For quantitative evaluation, visual assessment was performed or computer-based software (Quantimet 570 system, version 2.02, Leica, Cambridge Ltd, 1993) was used. The same operator analyzed all samples. For visual evaluation (lysozyme and alpha-1 antitrypsin deposits), we used a grading scale from 0 (normal deposition) to 3 with a 0.25 increment. The results obtained with the image analysis system were expressed in arbitrary units taking into account information about the number of pixels within the measurement frame and the level of illumination they represent (256 discrete gray levels). Statistical analysis. All results are expressed as means 6 standard deviation. For each gene, the ratios of the mRNA level between control and acute (acute-control) or control and chronic exposed area (chronic-control) were calculated for each subject. Then, a Student's t-test was performed on the ratio to calculate whether the mean ratio of these gene products was statistically different from 1.0. For immunohistochemical evaluations, statistical analysis was based on a mixed model of variance analysis, including subject as random factor and treatment as fixed factor (SAS, PROC MIXED), which was followed by a Dunnett's test to compare each exposed area with the control site. All these comparisons were made at a two-tailed significant level of 5%.
RESULTS

Clinical aspect and skin pigmentation
Chronic SSR exposure for 6 weeks induced a significant increase in the clinical scores for pigmentation. The measurements showed that ITA8 decreased steadily throughout the study. From very light color (ITA8 . 558), the chronic SSR-exposed areas turned to ''matt'' color (288 . ITA8 . 108).
Gene expression profiling
The relative contribution of dermis and epidermis in the RNA collected from the biopsy samples was estimated by measuring the steady-state level of two representative mRNA, e.g. vimentin (VIM), the protein of the intermediate filaments of mesenchymal cells, and keratin 10 (K10) to represent the epidermis ( Table 2 ). The mean ratio VIM/K10 was similar in the biopsy samples of unexposed control and SSR-exposed skin, indicating a similar contribution of epidermal and dermal RNA in the samples. This allows a reliable estimation of the mRNA of interest based on a unit amount of 28S rRNA.
Four groups of genes known or suspected to be modulated by UVR in vivo or in vitro were investigated in this study, i.e. ECM proteins (collagens Type I and Type III, elastin, fibrillin 1 and decorin), the MMP participating in their remodeling (MMP1, MMP2, MMP3, MMP8, MMP9, MMP12 and MMP14) and their specific inhibitors (TIMP1, TIMP2 and TIMP3), some components of the plasmin-plasminogen system (urinary-type plasminogen activator [uPA] and plasminogen activator inhibitor-1 [PAI-1]) (19) and inflammatory (interleukin-1a [IL-1a], IL-1b, IL-6) and angiogenic (vascular endothelial growth factor [VEGF]) mediators. The number of PCR cycles used to obtain a clear signal after electrophoresisis indicated to provide a rough estimate of the relative abundance of each specific mRNA (Table 3) . Among them, MMP1, MMP3, MMP8 and MMP12 were not detected even using the highest acceptable number of cycles (n 5 35). Individual values of the steady-state level of the expressed mRNA in the control, acute SSR and chronic SSR skin biopsy samples are illustrated in Fig. 2 . In this figure, the mean value for each mRNA has been normalized to 100, and the individual values have been identified by the symbols shown in Table 1 . This method allows showing the variability of the studied population. For the control values, the interindividual variability is low for ECM proteins (a1 I and a1 III collagen chains, elastin, fibrillin 1 and decorin), constitutively expressed MMP2, TIMP, IL-1b and VEGF, lying around 634%. It is about two-fold higher for the other investigated mRNA. The average standard deviation for the whole series of mRNA is 42 6 18%.
A single MED SSR exposure increased the level of all expressed mRNA, with the exception of TIMP2 and uPA, as illustrated in Table 2 by the mean of the individual ratios between acute SSR and control. A significantly increased mean ratio was observed for IL-1a (P , 0.02), IL-1b (P , 0.02), MMP2 (P , 0.02) and PAI-1 (P , 0.05). The illustration of the individual values (Fig. 2) clearly demonstrates that the variation of most mRNA differs in amplitude in the different volunteers and does not affect similarly all the tested mRNA. The average standard deviation is significantly higher than that recorded in the control sites (68 6 24%, P 5 0.02).
Chronic exposure to SSR for 6 weeks barely modified the level of most of the expressed mRNA when compared with a single exposure. Both IL-1a and IL-1b as well as PAI-1 returned to the control level. By contrast, MMP2 remained significantly increased upon chronic exposure. Interestingly, the fibrillin 1 gene that was weakly induced in acute SSR exposure was significantly increased in the chronically exposed skin. As observed in the 1 MED Table 2 . The biopsy samples from the control and exposed areas contained a similar proportion of dermis and epidermis* T-test
Control (C)
Acute ( exposure, the average standard deviation was also higher than that in the control sites (56 6 24%, P 5 0.07).
Histology and immunohistochemistry
No dermal infiltrate was observed after the single MED (acute exposure) or after a 6 week SSR exposure either at histological level or by visual assessment of the immunostaining pattern obtained using an antiserum directed against human vimentin or Factor XIII-A (data not shown). Among the various matrix components investigated by immunohistochemistry, tenascin, a large glycoprotein minimally deposited just below the dermalepidermal junction (DEJ) in normal skin (20) , was slightly but significantly decreased in the acute exposure but markedly increased after chronic exposure to SSR. It remained clearly localized just below the DEJ (Fig. 3) . Type-I and Type-III procollagens were predominantly located in the papillary dermis Table 1 for identification of the volunteers (s, , m h, n, m and h). Mean (-) is significantly different from the control with **P 0.05 or P 0.10. Figure 3 . ECM proteins expression. Immunofluorescence microscopy using antisera against: tenasin C (2503), Type-I and Type-III procollagens (1253), elastin (1253), lysozyme (2503) and alpha-1 antitrypsin (1253). Fluorescence was quantified (arbitrary units) with a computer-assisted color image analysis system, as described in Materials and Methods, or performed by visual assessment using a grading scale from 0 to 3 with a 0.25 increment (lysozyme and alpha-1 antitrypsin). Data are means 6 standard deviations; *P 0.05 compared with control site.
underneath the epidermal basement membrane as usually reported. After single or repeated exposure, the staining associated with Type-I procollagen decreased significantly (Fig. 3) , whereas that of Type III was increased (Fig. 3 ), leading to a higher Type-III to Type-I procollagen ratio. Using a double-staining procedure, we examined simultaneously the elastin component of the elastic fibers and lysozyme or alpha-1 antitrypsin, which have been described to be associated with damaged elastic fibers (5, 21) . Chronic SSR exposure did not induce any significant change in the elastin network (Fig. 3) . Lysozyme and alpha-1 antitrypsin (Fig. 3) deposits on the elastin fibers were significantly increased after 6 weeks of SSR exposure, whereas acute exposure did not induce any significant change.
DISCUSSION
Repeated solar exposure is the major environmental insult that contributes to clinical and histological changes in sun-exposed skin areas (face, hands, etc.) of an individual. The dermal damages induced by repeated UV irradiation are mainly reflected histologically by a disorganization of the bundles of collagen fibers (22) and an accumulation of abnormal elastin-containing material (5) . These alterations are involved in the wrinkled appearance of sunexposed skin. Biochemical evidence of connective tissue alterations in photoaged skin includes reduced levels of Type-I and Type-III collagen precursors (23), an increased number of crosslinks (24) and an increased Type-III to Type-I collagen ratio (25) and elastin content. Our immunohistological findings evidenced a significant decrease in the fluorescence associated with Type-I procollagen but a significant increase in Type-III procollagen, both located at the DEJ. This site has been reported to be the location for new collagen synthesis (26) . Using a quantitative RT-PCR methodology, we have observed in the same biopsy sample a trend toward an increase in Type-I and Type-III collagen mRNA levels. These results are in agreement with those described by Chung et al. (27) , showing a higher expression of Type-I procollagen mRNA in photoaged human skin associated with a lower extracellular expression of Type-I procollagen protein.
Acute and chronic SSR exposures induced a significant increase in MMP2 (72 kDa gelatinase-Type-IV collagenase) mRNA level. Fisher et al. (28) have shown that in human buttock skin MMP2 mRNA was detectable but increased only 1.6-fold (P , 0.05) at 24 h after UV-B (2 MED) exposure and that neither protein expression nor protein activation of latent activity was induced. These observations are in agreement with our own results because the increased MMP2 mRNA observed in both single and multiple SSR exposures was not accompanied by a similar stimulation of MMP14, the membrane-bound MMP involved in the activation of MMP2. Furthermore, TIMP2, the specific inhibitor of MMP2, was not modified. This TIMP also participates in the activation of the metalloproteinase. However, IL-1a and IL-1b were induced mostly after a single MED, perhaps in the epithelial cells. An increased vascular permeability after a single MED is, however, possible because the VEGF mRNA level tends to be increased (P 5 0.09). As reported by Marionnet et al. (29) , in human epidermis after UV-B exposure, a single MED of SSR increased the PAI-1 mRNA level in human skin in vivo, and this might be the result of collagen degradation (19) .
As opposed to what has been published by others (28,30), we did not observe the expression of MMP1 and MMP3 or that of the inflammation-related MMP (9 and 12). Histological observation showed an absence of inflammatory cells in both the control and exposed skin samples. Our procedure for measuring the MMP was very sensitive because amplification at 35 cycles clearly detected MMP1 mRNA in one-tenth of the RNA content of one fibroblast (2 pg) in a retracting collagen gel (17) . It has been reported previously that MMP1 expression may be influenced by aging (lower level of MMP1 protein in young skin) (27) , skin type (higher UV-induced MMP1 mRNA induction in light skin) (11) or smoking status (higher level of MMP1 mRNA in the skin of smokers-10-20 cigarettes a day for 3-25 years) (31) . In our study, a criterion for selection of the light-skinned (L* . 65) young volunteers (21-35 years old) was smoking less than 10 cigarettes per day. Furthermore, in most of the reports describing a MMP1 mRNA induction by UV, the UV dose was higher, often 2 MED (28, 30) , than the 1 MED SSR used in our study. Finally, in our SSR radiation source, to better simulate zenithal sun spectrum (irradiance ratio UV-A/ UV-B 5 17), we used a 2 mm thick filter that cuts off more UV-B (UV-A/UV-B 5 13) than the 1.0 mm most commonly used (UV-A/ UV-B 5 11). All these facts may be responsible for the lack of response of our volunteers after acute exposure.
The extent of progressive accumulation of elastic fibers containing in particular elastin and fibrillin 1 is dependent on the degree of sun exposure (32) . In our volunteers, only the mRNA of fibrillin 1 was significantly increased after repeated exposures, whereas the level of elastin mRNA did not change upon one or repeated SSR exposure, which further supports fibrillin 1 as a marker of photoreaction. A change in the network of elastic fibers in the young volunteers enrolled in this study might be insufficient to be observed by immunomorphology. However, using immunohistochemical techniques, we detected increased lysozyme and alpha-1 antitrypsin deposits on photodamaged elastic fibers, as already observed by other investigators (21) . The intensity of staining is known to positively correlate with the degree of sun damage (21, 33) . The components of elastic fibers to which lysozyme or alpha-1 antitrypsin are bound are not yet known but seem different (staining just below the DEJ for alpha-1 antitrypsin). Because lysozyme or alpha-1 antitrypsin at high concentrations inhibits the activity of collagenase and elastase (34) , these proteins could protect elastic fiber components from proteolysis (35) . Deposits of lysozyme or alpha-1 antitrypsin were enhanced after repeated SSR exposure. An intimate relationship between ultrastructural alterations and deposits of these proteins on the degenerative elastic fibers in sun-exposed skin has been demonstrated previously (21) and might be an early event leading to solar elastosis.
To conclude, our study demonstrates that at one time point after irradiation single, as well as repeated, 1 MED exposure induces clear alterations in matrix gene and protein expressions. Some of the biochemical changes associated with chronic exposure and related to photoaging (increased procollagen III to I ratio or lysozyme deposition on elastin fibers) can be induced by low UV exposure even if a strongly induced pigmentation arose than inducing progressive skin autoprotection. Although the volunteers were of similar complexion and age, some variations were observed in their basal status and their reactivity to SSR exposure. These individual differences, at least in part, account for the different degrees of photodamage inflicted to humans when exposed to sunlight. anatomohistopathology and Mrs. Compan and Ressayre for statistical evaluations. The skillful technical assistance of M.J. Nix and T. Heyeres for performing the molecular biology assays is gratefully acknowledged.
